We searched and report mutations in the BRAF and N-ras genes in 22 out of 35 (63 percent) primary sporadic melanomas. In three melanomas, mutations were concomitantly present in both genes. In all, 10 out of 12 mutations in the BRAF gene involved the 'hot spot' codon 600 (In all communications on mutations in the BRAF gene, the nucleotide and codon numbers have been based on the NCBI gene bank nucleotide sequence NM_004333. However, according to NCBI gene bank sequence with accession number NT_007914, there is a discrepancy of one codon (three nucleotides) in exon 1 in the sequence with accession number NM_004333. The sequence analysis of exon 1 of the BRAF gene in our laboratory has shown that the sequence derived from NT_007914 is correct (Kumar et al., 2003) . Due to the correctness of the latter, sequence numbering of codons and nucleotides after exon 1 are changed by þ 1 and þ 3, respectively.), one tandem CT1789-90TC base change represented a novel mutation and another mutation caused a G466R aminoacid change within the glycine-rich loop in the kinase domain. Mutations in the N-ras gene in 11 melanomas were at codon 61 whereas two melanomas carried mutations in codon 12 including a tandem mutation GG4AA. We observed an inverse association between BRAF/N-ras mutations and the frequency of loss of heterozygosity (LOH) on chromosome 9 at 10 different loci. Melanomas with BRAF/N-ras mutations showed a statistically significant decreased frequency of LOH on chromosome 9 compared with cases without mutations (mean fractional allelic loss (FAL) ¼ 0.2970.23 vs 0.7270.33; t-test, P ¼ 0.0001). Difference in the FAL value between tumours with and without BRAF/N-ras mutations on 33 loci on five other chromosomes was not statistically significant (mean FAL 0.1770(mean FAL 0. .19 vs 0.2570 t-test, P ¼ 0.24). Melanoma cases with BRAF/N-ras mutations were also associated with lower age at diagnosis than cases without mutations (mean age 80.3877.24 vs 65.77719.79 years; t-test, P ¼ 0.02). Our data suggest that the occurrence of BRAF/N-ras mutations compensate the requirement for the allelic loss at chromosome 9, which is one of the key events in melanoma.
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Introduction
Cutaneous malignant melanoma is a potentially fatal neoplasm with complex and heterogeneous etiology (Chin et al., 1998) . The sporadic form, which constitutes over 90% of all cases, is linked to sunlight exposure (Gilchrest et al., 1999; Hemminki et al., 2001) . Though the mechanism for the casual relationship between sunlight exposure and melanoma is less clear, the epidemiological data are strongly supportive of such an association (Whiteman et al., 2001) . The inherited form of melanoma is associated with the melanoma susceptibility locus on chromosome 9p21. Germline mutations in the CDKN2A gene, which encode two cell cycle inhibitors p16
INK4a and p14 ARF , are found in a proportion of melanoma-prone families (Bishop et al., 2002) . However, somatic alterations in sporadic melanoma are heterogeneous. Allelic loss at chromosome 9p21 locus is the most prevalent genetic occurrence in sporadic melanoma, but mutations and other alterations in the CDKN2A gene, though common in melanoma cell lines, are less evident in primary tumours (Kumar et al., 1998b (Kumar et al., , 1999 . The predominant oncogenic changes associated with malignant melanoma have been the activating mutations in the N-ras gene (Castellano and Parmiani, 1999; Saida, 2001) . The reported frequency of mutation in the ras genes has varied; the most common mutation detected in melanomas involves codon 61 and these are reported to occur early (van Elsas et al., 1997; Omholt et al., 2002) .
An activated RAS stimulates a multitude of downstream signalling cascades (Shields et al., 2000) . RAF serine/threonine kinases are the key signalling components in the RAS pathway (Kolch, 2000) . In melanocytes, BRAF, one of the members of the RAF family, is activated in a cAMP-dependent signalling cascade, as a consequence of a-melanocyte-stimulating hormone and related peptides binding to melanocortin receptor 1 (Busca et al., 2000; Halaban, 2000) . The importance of BRAF in melanocyte biology was revealed by the detection of alterations in a high proportion of melanoma cell lines and primary tumours in the BRAF gene ). An overrepresenting proportion of mutations detected in the melanoma and other cancers affected a single residue (V600E; previously V599E) in the kinase-activation domain of BRAF. These results have subsequently been confirmed by other studies on melanomas and melanocytic nevi (Brose et al., 2002; Kumar et al., 2003; Pollock et al., 2003) .
In the present study, we analysed exons 11 and 15 of the BRAF gene for mutations in 35 microdissected primary melanomas. Additionally, we also screened for mutations in exons 1 and 2 of the N-ras gene. The primary melanomas, included in this study, have previously been screened for alterations of the CDKN2A and related genes (Kumar et al., 1998a (Kumar et al., , 1999 (Kumar et al., , 2001 . We have also, in these tumour samples, previously determined the allelic losses at 43 different microsatellite marker loci on six different chromosomes including chromosome 9 (Kumar et al., 1999; Smeds et al., 2000) .
We found mutations in the BRAF and N-ras genes in 22 melanomas including two novel tandem mutations at dipyrimidinic sites. We also found an inverse association between BRAF/N-ras mutations and the frequency of allelic losses at chromosome 9 in primary melanomas.
Results

Mutations in the BRAF and N-ras genes in primary melanomas
In all, 35 microdissected sporadic primary melanomas were analysed for mutations in exons 11 and 15 of the BRAF gene, and exons 1 and 2 of the N-ras gene, using PCR-single-strand conformation polymorphism (PCR-SSCP) and the DNA-sequencing techniques (Figure 1) . In exon 11 of the BRAF gene, a G1396C (previously G1393C) mutation was detected in one melanoma (case 35), which resulted in a novel glycine-to-arginine change in the amino acid at codon 466 (previously 465). However, in exon 15 of the same gene, we detected mutations in 11 melanomas (Table 1 ). In total, 10 of these mutations involved the hotspot codon 600. In nine cases, mutation in codon 600 (previously 599) was T1799A (previously T1796A) and one case carried GT1798-99AA (previously GT1795-96AA) tandem mutation causing a valine-to-lysine amino-acid change at the residue 600 (previously 599). In one melanoma, we detected hitherto unreported novel CT1789-90TC (previously CT1786-87TC) mutation changing leucine to serine at codon 597 (previously 596). Similarly, mutations in the N-ras gene were detected in 13 cases. In 11 melanoma cases N-ras mutations involved codon 61 in exon 2, and in two cases mutations effected codon 12 in exon 1, including a novel GG4AA tandem mutation. In three melanomas (cases 14, 31 and 35), mutations were present in both the BRAF and N-ras genes. The somatic nature of mutations in the BRAF/N-ras genes in melanomas was indicated by the non-occurrence of those alterations in the surrounding tissues available from six melanoma cases.
Association of BRAF/N-ras mutations in primary melanomas with CDKN2A mutations and allelic losses on chromosome 9
The present series of sporadic melanomas, in which mutations in the BRAF and N-ras genes are described in this report, had been previously studied for mutations in the CDKN2A (p16 INK4a and p14
ARF
) and p53 genes. In addition, in these melanomas, we had also determined the frequency of loss of heterozygosity (LOH) at 43 different microsatellite loci on six different chromosomes (Kumar et al., 1998a (Kumar et al., , 1999 (Kumar et al., , 2001 Smeds et al., 2000) . The microsatellite markers studied were from h Case 24 carried a CC4T* mutation in codon 151-52 (exon 5) of the p53 gene.
i CAA4CTA causes Gln-to-Leu change in amino acid. j GGT4AGT in codon 12 of the N-ras gene causes Gly-to-Ser change in amino acid. k CTA4TCA tandem mutation in codon 597 of the BRAF gene changes the residue Leu to Ser. l GTG4AAG tandem mutation in codon 600 of the BRAF gene causes Val-to-Lys change in amino acid.
m Melanoma 35 also carried GGA4CGA mutation in codon 466 of the BRAF gene that causes Gly-to-Arg change in amino acid.
n GGT4AAT tandem mutation in codon 12 of the N-ras genes causes Gly-to-Lys change in amino acid. Bold type indicates mutations and underline indicates base change BRAF/N-ras mutations in melanoma R Kumar et al chromosomes 1 (six markers), 6 (12 markers), 9 (10 markers), 10 (eight markers), 11 (three markers) and 13 (four markers) (Smeds et al., 2000) .
Mutations in the CDKN2A (p16 INK4a and p14 ARF ) gene, determined in our previous studies, were present in six melanomas and four of these tumours carried mutation either in the BRAF or N-ras gene; the association between mutational frequencies of the CDKN2A and BRAF/N-ras genes was not statistically significant (Table 1) . Mutation in the p53 gene was present only in one melanoma (case 24) that was wild type for both BRAF and N-ras. When the frequency of LOH (in the form of fractional allelic loss (FAL)) on six chromosomes was compared between the cases with and without BRAF/N-ras mutations, the combined FAL value for markers on chromosome 9 showed statistically significant difference. The mean FAL value for cases with BRAF/N-ras mutations was 0.29 (95% CI, 0.19-0.39)70.23 compared to a value of 0.72 (95% CI, 0.53-0.90)70.33 for cases without mutations (t-test, P-value, 0.0001). The difference in frequencies of LOH between the two groups was significant only in chromosome 9. In all other chromosomes in which the frequency of LOH had been determined, no statistically significant difference between the cases with and without mutations in the BRAF/N-ras genes was observed. The combined FAL for 33 makers on the five other chromosomes (excluding chromosome 9) was 0.17 (95% CI, 0.09-0.24)70.19 for melanomas with mutations compared to 0.25 (95% CI, 0.13-0.37)70.22 for the cases without mutations (t-test, P-value, 0.24).
Five of the 12 melanomas without mutations in the BRAF/N-ras genes showed a potential loss of the entire chromosome 9 (FAL value 1) compared to none in cases with mutations (Table 2) . At the level of individual markers (Table 2) , a statistically significant decreased frequency of LOH in melanomas with BRAF/N-ras mutations was seen at the markers D9S942 (located within the CDKN2A gene between exons 1a and b; Fisher exact test, P ¼ 0.02), D9S171 (centromeric to CDKN2A; w 2 ¼ 3.89, P ¼ 0.05) and D9S280 (located on 9q22; Fisher exact test, P ¼ 0.04). The overall difference in the frequencies of LOH on markers at chromosome 9 in cases with and without BRAF/N-ras mutations was statistically significant (w 2 for trend ¼ 46.1, d.f. ¼ 19, P ¼ 0.0005; odds ratio (OR) ¼ 5.07, 95% CI, 2.65-9.76). Interestingly, four of the five melanomas which showed microsatellite instability at the marker loci close to the CDKN2A carried mutations in the N-ras gene.
In addition to the difference in the frequency of allelic losses on chromosome 9 between the groups with and without mutations in the BRAF and N-ras genes, we also found that the two groups had a statistically significant difference in patient age at diagnosis. The group with BRAF/N-ras mutation had a statistically significantly lower age at diagnosis than the group without mutations (mean age 65.77 (95% CI, 57.5-74.0)719.79 vs 80.38 (95% CI, 76.4-84.3)77.24 years; t-test, P ¼ 0.02). We did not detect any statistically significant association between mutations in the BRAF/N-ras genes and tumour thickness (data not shown).
The data on patient age at diagnosis showed a weak correlation with tumour thickness (r ¼ 0.31, P ¼ 0.06).
Discussion
In this study, we have combined the results of mutational analysis of the BRAF and N-ras genes with our results from previous studies on the frequency of LOH from six different chromosomes, and on mutations in the CDKN2A gene in a set of microdissected sporadic primary melanoma (Kumar et al., 1999; Smeds et al., 2000) . The salient features of our results are: (a) detection of somatic mutations in either the BRAF or N-ras gene in 63 percent of primary melanomas; (b) detection of mutations in both the BRAF and N-ras genes at the dipyrimidinic sites and (c) inverse association of the activating mutations in the BRAF/N-ras genes with the frequency of monoallelic loss on chromosome 9, determined at 10 different microsatellite loci that included the CDKN2A locus.
The predominant mutation detected in the BRAF gene, as in the previous studies, is a single base substitution in the kinase activation domain involving codon 600 (numbered as codon 599 in all previous studies) that probably mimics the activational phosphorylation of the adjacent residues (Zhang and Guan, 2000; Brose et al., 2002; Davies et al., 2002; Pollock and Meltzer, 2002) . This residue is identical at the corresponding positions in RAF1 and ARAF1, and is conserved through the evolution with a single exception of Drosophila Raf homologue Yuen et al., 2002) . The mutant V600E has been reported to possess a 10-fold greater basal activity, and it induces focus formation in NIH3T3 cells with much higher efficiency than the wild-type BRAF . The valine-to-lysine change at codon 600 (previously 599) through GT1798-1799AA tandem mutation in one melanoma similar to the one in melanocytic nevi (reported as V599K; GT1795-96AA) and in two metastatic melanomas confirms the possibility of BRAF activation through substitution with both positively and negatively charged amino acids (Kumar et al., 2003; Pollock et al., 2003) . One additional mutation in the activational segment of the BRAF gene was a novel tandem base CT4TC change at nucleotides 1789-90 (previously 1786-87), resulting in leucine-to-serine amino-acid substitution at a highly conserved residue 597 (previously 596). The only mutation detected in exon 11 changed a glycine into a basic arginine residue at codon 466 (previously 465) within the GXGXXG motif in a glycine-rich loop in the kinase domain of BRAF. Previously reported changes within this codon resulted in replacement of glycine with acidic or neutral residues Naoki et al., 2002; Mercer and Pritchard, 2003) .
The hypothesis that the activation of RAS or BRAF leads to the same phenotype gained support by the mutual exclusivity of mutations in two genes in melanomas and other cancer types (Brose et al., 2002; Yuen et al., 2002; Pollock et al., 2003; Singer et al., 2003) . In the present study, we also found mutations in the BRAF and N-ras genes to be mutually exclusive in all but three melanomas. Concomitant detection of both BRAF and N-ras mutations can probably be due to the presence of polyclonal cellular population in these melanomas, as seen previously in melanocytic nevi (Pollock et al., 2003) . The ras proteins, with intrinsic GTPase activity, in the activated form stimulate several transducer pathways including RAF-MEK-ERK (Hingorani and Tuveson, 2003) . The centrality of BRAF/N-ras in melanoma biology has been underlined by detection of mutations in histologically diverse melanocytic nevi and the persistence of such mutation through metastasis (Demunter et al., 2001; Pollock et al., 2003) . The oncogenic mutations in the kinase domain of BRAF in melanoma cell lines and tumour tissues result in activation of the Raf/MEK/ ERK pathway (Satyamoorthy et al., 2003; Smalley, 2003) . This leads to the hypothesis, soundly supported by animal models, that activation of the RAS-RAF-MAPK pathway is an important and initiating step in melanoma development (Walker and Hayward, 2002) . Melanomas are arranged into two categories, with and without mutations in the BRAF/N-ras gene, and case numbering is the same as in Table 1.   b Loss of heterozygosity in melanomas described at all markers has been conducted in studies carried out and described earlier.
c Details of mutations in the BRAF and N-ras genes are given in Table 1. d LOH are cases which showed of loss of heterozygosity in tumours; NI are the non-informative cases; I represent the cases that were informative and showed retention of heterozygosity in tumours and MSI represents microsatellite instability, where the tumour showed irregular alleles compared to benign tissues.
e Melanomas 14, 31 and 35 carried mutations in the both BRAF and N-ras genes.
f Melanomas 1, 4, 7, 13 and 27 showed loss of entire chromosome 9. g P-values are for differences in the frequency of LOH at individual microsatellite markers in melanomas with and without mutations in the BRAF/N-ras genes.
h This P-value represents the overall statistically significant difference in the level of frequency of allelic losses between cases with and without BRAF/N-ras mutation. Bold type indicates LOH BRAF/N-ras mutations in melanoma R Kumar et al Mutations in the human N-ras gene have been reported mainly in melanomas on the sun-exposed sites (Jiveskog et al., 1998) . The most common sequence alteration in the BRAF gene, in melanomas, is not a typical UV-associated mutation. However, our observation that nine mutations in the N-ras gene involved dipyrimidinic sites, including a novel GG4AA tandem mutation at codon 12 of the N-ras gene, suggest a molecular link between sunlight exposure and melanoma. In addition, we detected another novel dipyrimidinic TC4CT mutation at codon 597 of the BRAF gene. In nonmelanoma skin cancers, UV-induced mutations in the p53 tumour-suppressor gene are common occurrences, but in melanoma these mutations are rather rare (Kumar et al., 2001; Bolshakov et al., 2003) .
The overriding and dominant role of mutated BRAF and N-ras genes in melanoma is also highlighted by our discovery of a strong inverse association of mutations in these genes with the frequency of allelic loss on chromosome 9. Further association of melanoma cases with BRAF/N-ras mutations with lower patient age at diagnosis partly explains our earlier observation of associating the frequency of allelic loss with increased patient age at diagnosis (Smeds et al., 2000) . Since the inverse relationship between allelic loss and occurrence of mutations was confined to chromosome 9, we hypothesize that the activating mutations in the BRAF and N-ras genes represent an important event in melanoma, which compensates the requirement for allelic loss on chromosome 9p21. The allelic loss on chromosome 9p21, independent of mutations in the CDKN2A gene, with haplo-insufficient effect, represents an important step in melanoma initiation (Funk et al., 1998; Pollock et al., 2001) . Even though, at present, a search of the genome database does not reveal any such gene, the existence of some, hitherto, unidentified gene on chromosome 9 that is functional in a pathway similar to RAS-BRAF cannot be ruled out. In five melanomas, we observed tumourspecific microsatellite instability and four of these melanomas carried mutations in the N-ras gene. These data, though limited, are contrary to an earlier report on colorectal tumours, which had suggested an association of BRAF mutations with microsatellite instability (Rajagopalan et al., 2002) .
However, in this study, the data on mutations in the BRAF/N-ras and CDKN2A genes did not show an inverse relationship. In animal models, activated RAS has been shown to cooperate with both Arf/p53 and Ink4a/Rb pathways to induce melanomas (Yang et al., 2001; Sharpless and Chin, 2003) . Even though individuals from melanoma-prone families and patients with multiple primary melanomas lack germline mutations in the BRAF gene, at the same time, a higher prevalence of activating N-ras mutations in melanomas from familial cases with germline alterations in the CDKN2A gene than in tumours from sporadic cases has been reported (Eskandarpour et al., 2003; Laud et al., 2003) . These observations basically suggest the somatic nature of BRA/N-ras mutations that occur early, as indicated by detection of such mutations in melanocytic nevi (Pollock et al., 2003) .
The detection and confirmation of mutations in the BRAF/N-ras genes, in a majority of primary melanomas, is a step towards understanding genetics events in the transformation of melanocytes. Our observation of inverse association between these mutations and monoallelic loss at different loci including the CDKN2A cluster on chromosome 9 further underscores the dominant role of such mutations in melanoma biology, that merit further investigation.
Materials and methods
Paraffin blocks containing specimens from primary cutaneous melanoma were collected from the archives of the Department of Pathology, Huddinge University Hospital, Sweden. The age of the patients at the time of diagnosis of primary melanomas ranged from 23 to 94 years (median 78). All selected melanomas were in the vertical growth phase according to Clark's model of tumour progression, and tumour thickness ranged from 1.7 to 11 mm (median 3.9). From available paraffin blocks, 10-mm-thick sections were cut and put on glass slides. The sections were then carefully dissected under a microscope, separating tumour cells and the surrounding benign tissues. DNA was extracted by incubation in a digesting buffer containing Proteinase K, as described earlier (Kumar et al., 1998a) .
PCR and SSCP analysis
Exons 11 and 15 of the BRAF gene and exons 1 and 2 of the N-ras gene were amplified for SSCP analysis using the primers described in Table 3 . PCR was carried in 10 ml volume that contained 50 mm KCl, 0.11 mm of each dNTP, 1 mCi [a-32 P] dCTP, 0.3 U Taq DNA polymerase, 1-2 mm MgCl 2 and 0.15-0.3 mm of each primer. The temperature for PCR was set as denaturation at 951C for 1 min, annealing (at temperatures specific for each exon as given in Table 3 ) for 1 min and polymerization at 721C for 1 min for three cycles, followed by 27-33 cycles at the same temperatures with the segment time of 30 s each. In order to increase the sensitivity of mutation detection, amplified fragments were electrophoresed on a 0.5 Â MDE gel in at least three different conditions, which included different temperature settings and inclusion of glycerol in the gel.
Sequence analysis
Mutations detected by SSCP in different exons of the BRAF and N-ras genes were identified and confirmed by direct DNA sequencing using Rhodamine dye terminator cycle sequencing kit (Big Dye; Applied Biosystems). Mutations were also confirmed by sequencing the DNA extracted from the aberrantly migrated bands that were excised from the SSCP gels. Individual exons containing mutations were amplified by PCR. The amplified products were purified using Sephadex microspin columns (Amersham-Pharmacia), and subjected to 26 cycles of sequencing reaction using forward or reverse primers separately (Table 3 ). The precipitated sequencing reaction products were electrophoresed on a denaturing polyacrylamide gel in an automated sequencer (ABI 377, Applied Biosystems), and analysed using Prism and Edit View 1.0.1 software. The sequencing data were analysed by Align software in DNA star package using the reference sequences of the BRAF (accession no. NT_007914) and N-ras (accession no. NT_019273) genes obtained from the NCBI gene databank (http://www.ncbi.nlm.nih.gov).
Statistical analysis of association between mutations in the BRAF/N-ras gene and frequency of allelic losses Frequency of LOH at 43 different polymorphic microsatellite markers in melanoma cases, investigated in the present study for mutations in the BRAF/N-ras genes, were determined previously (Kumar et al., 1999; Smeds et al., 2000) . The microsatellite markers studied were from chromosomes 1 (six markers), 6 (12 markers), 9 (10 markers), 10 (eight markers), 11 (three markers) and 13 (four markers) (Smeds et al., 2000) . The difference in the frequency of LOH, in the form of FAL (defined as the ratio of number of markers with LOH to total number of informative markers), at chromosomes 1, 6, 9, 10, 11 and 13 in melanoma cases with and without mutations in the BRAF/N-ras genes were compared by using two-sided t-test. The difference in FAL between cases with and without BRAF/N-ras mutations was also determined separately for individual chromosomes. The w 2 and Fisher tests were used to determine the differences in allelic losses on individual markers on chromosome 9 between cases with and without BRAF/Nras mutations. The difference in patient age at diagnosis between melanoma cases with and without BRAF/N-ras mutations was also compared by t-test. Since all melanoma in the present series were in the vertical growth phase, the data on patient age at diagnosis were correlated with tumour thickness. All the statistical tests were carried out using Statistica software. 
